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A study  has  been  made  of  the  conditions  which  lead  to  intergranular 
brittle  fracture  in  4.'S4()-type  steels  at  an  ultra  high  yield  strength 
level  (201)  ksi,  1 380  MPa)  in  both  an  ambient  environment  and  gaseous 
hydrogen.  By  means  of  Charpy  impact  tests  on  commercial  and  high  purity 
steels,  and  by  Auger  electron  spectroscopy  of  f racturq,^tir  faces , it  is 
shown  that  one-step  temper  embrittlement  (OSTF  or  *50(1®!'  embrittlement^), 
and  low-K  intergranular  cracking  in  gaseous  hydrogen  are  the  result  of 
segregation  of  P to  prior  austenite  grain  boundaries.  Segregation  of  N 
also  contributes  to  OSTF.  Most,  if  not  all,  segregation  apparently 
occurs  during  austenitization,  rather  than  during  tempering.  elimina- 
tion of  impurity  effects  by  use  of  a high  purity  NiCrMoC  ..s?f^el  results 
in  an  increase  in  K^h  for  hydrogen ijjiduced  cracking  by  about  a factor  of 
five  (to  the  range  130-  140  flNm'^A ) ^^Tliese  observations  are  discussed  in 
terms  of  our  understanding  of  the  mechanisms  of  OSTF.  and  hvdrogen- 
assisted  cracking. 
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S.  K.  Baner j i , C.  .1.  McMahon,  .Jr.,  and  H.  C.  Feng 

ABSTRACT 

A study  has  been  made  of  the  conditions  which  lead  to 
intergranular  brittle  fracture  in  4340-type  steels  at  an  ultra 
high  yield  strength  level  (200  ksi,  1380  MPa)  in  both  an  ambient 
environment  and  gaseous  hydrogen.  By  means  of  Charpy  imnact 
tests  on  commercial  and  high  purity  steels,  and  by  Auger  elec- 
tron spectroscopy  of  fracture  surfaces,  it  is  shown  that  one- 
step  temper  embrittlement  (OSTF,  or  "500°F  embrittlement"),  and  low 
K intergranular  cracking  in  gaseous  hydrogen  are  the  result  of 
segregation  of  P to  prior  austenite  grain  boundaries.  Segrega- 
tion of  N also  contributes  to  OSTF;.  Most,  if  not  all,  segregation 
apparently  occurs  during  austenitization,  rather  than  during  tem- 
pering. Flimination  of  impurity  elfects  by  use  of  a high  purity 
NiCrMoC  steel  results  in  an  increase  in  for  hydrogen- induced 

- 3/ 

cracking  by  about  a factor  of  five  (to  the  range  130-140  Mnm  '^ ) . 
These  observations  are  discussed  in  terms  of  our  understanding  of 
the  mechanisms  of  OSTF  and  hydrogen -ass i sted  cracking. 
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Introduction ; 


Ultra-high  strength  steels  (yield  strength  >.  200  ksi,  1380 
MPa)  based  on  a tempered  martensitic  microstructure  are  known  to 
be  susceptible  to  intergranular  embrittlement  when  tempered  in 
the  range  200  - 400°C.  This  has  been  traditionally  called  350°C 
or  500°F  embrittlement  or,  more  recently,  one-step  temper  embrit- 

A 

tlement  (OSTF) . It  is  usually  characterized  by  a trough  in  the 
plot  of  Charpy  V-notch  fracture  energy  as  a function  of  temper- 
ing temperature;  this  is  anomolous  because  the  hardness  decreases 
monotonical ly  in  this  temperature  range.  The  ductile-brittle 
transition  temperature  goes  through  a maximum  corresponding  to 
the  minimum  in  the  Charpy  toughness The  embrittlement  is 
accompanied  by  a change  in  fracture  mode  from  mainly  transgran- 

ular  cleavage  or  microvoid  coalescence  to  predominantly  inter- 

(2) 

granular  separation  along  prior  austenite  grain  boundaries  . 

The  onset  of  the  embrittlement  coincides  with  the  formation  of 

(3  4 ) 

cementite  at  the  expense  of  c-carbide  ’ , and  it  was  initially 

believed  that  the  precipitation  of  thin  platelets  of  cementite 
along  the  grain  boundaries  was  responsible  for  the  em- 
brittlement ^ . However,  Capus  and  Mayer^'’^  showed  that 

residual  impurities  in  the  steel  were  also  an  essential  factor: 
the  embrittlement  was  absent  in  a 1 ahoratory  - made  high 
purity  steel  of  the  same  nominal  composition  as  a 
susceptible  commercial  steel.  The  precipitation  sequence  of 
carbides  in  the  matrix  and  grain  boundaries  of  the  high-purity 

alloy  remained  unchanged ; hence,  the  carbides  could  not  be 
_ 

The  one  step  is  the  tempering  treatment,  rather  than  tempering  plus  ageing 
at  a lower  temperature  as  in  classical  (two-step)  temper  embrittlement. 
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solely  responsible  for  the  loss  in  toughness. 

The  details  of  the  interaction  between  impurities  and 

carbides  are  not  yet  understood.  It  appears  that  carbides  are 

necessary,  but  not  sufficient,  for  the  embrittlement.  Some 

impurities  (e.g.,  phosphorus)  segregate  to  the  grain  boundaries 

in  the  austenite  phase^^^;  some  rapidly  diffusing  species  such 

as  N could  segregate  to  the  boundaries  during  the  subsequent 

f 7) 

tempering  . A carbide-rejection  process  could  also  cause  an 

increase  in  impurity  concentration  at  carbide-matrix  inter faces 

In  any  case,  localized  concentrations  of  impurities  at  carbide- 

matrix  interfaces  have  been  shown  to  produce  interface  cracking 

19) 

during  low  temperature  deformation  of  model  alloys^  . 

Ultra-high  strength  tempered  martensitic  steels  have  been 
found  to  be  highly  susceptible  to  intergranular  crack  growth  in 
various  media  (e.g.,  M2O,  M2,  H2S'' , with  threshold  stress  inten- 

- 3/ 

sities  as  low  as  (10-20  ksi/rn)(li  - 22  MNm  '^ ) . However,  this 
problem  has  never  been  approached  from  the  viewpoint  of  impurity 
segregation  to  grain  boundaries,  which  is  known  to  cause  severe 
intergranular  cracking  of  high  strength  steels  at  low  stress 
intensities  in  acidic  aqueous  solut  ions  ^ ^ . 

This  study  was  undertaken  to  elucidate  the  mechanism  of 
intergranular  embrittlement  in  13‘10-type  ultra-high  strength 
steels.  Fractur  behavior  in  air  and  crack  growth  in  a hydro- 
gen environment  were  examined  in  a number  of  commercial  and 
laboratory  heats.  The  operative  impurities  in  three  commercially- 
produced  4340  steels  have  been  ident i f ied,  and  the  effects  of 
these  impurities  on  the  cracking  behavior  of  such  steels  in  a 
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gaseous  hydrogen  environment  has  been  determined. 

Hxpe ri mental  Procedure : 

Materials.  The  compositions  of  the  steels  used  in  this 
study  are  given  in  Table  1.  Four  of  the  heats  are  commercial 
AISl  4340  steel,  two  of  which  (B1  and  B4)  were  vacuum-arc-re- 
melted  (VAR);  the  other  two  (B2  and  B3)  were  air-melted,  but 
one  (B2)  was  vacuum- degassed . Heat  B5  is  a VAR  silicon-modified 

4340-typc  steel  (300M).  Meats  B6  and  B7  were  prepared  by  vacuum- 

* 

induction-melting  from  high  purity  materials  , heat  B6  being  es- 
sentially a high-purity  4340  steel,  and  heat  B7  a high-purity 
NiCrMo  base  for  4340  steel  with  0.4  C.  The  Mn  and  Si  were 
omitted  from  heat  B7. 

Heat  Treatment.  Austenitization  was  carried  out  in  vacuum 
for  1 h and  was  followed  by  an  oil  puench.  Three  austenitizing 
temperatures  were  used  to  provide  the  range  of  grain  sizes  shown 
in  Table  II.  Tempering  treatments,  usually  for  1 h,  were  carried 
out  in  vacuum  in  the  range  50  to  625”c. 

Mechanical  Testing.  The  toughness  of  each  heat  with  various 
grain  sizes  was  characterized  by  the  fracture  energy  in  a room 
temperature  Charpy  V-notched  (CVN)  test  on  specimens  tempered 
at  various  temperatures.  The  degree  of  OSTF.  was  indicated  by 
the  magnitude  of  the  trough  in  the  curve  of  fracture  energy  vs. 
tempering  temperature. 


* 

The  base  was  Glidden  A104  electrolytic  iron. 
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Studies  of  crack  growth  in  hydrogen  gas  were  carried  out 

on  precracked,  bolt-loaded  modified  WOL  specimens  similar  to 

(121 

those  used  by  Novak  and  Rolfe  . The  specimen  thickness  was 
one-half  inch.  Shallow  semicircular  side-grooves  with  a depth 
equal  to  five  percent  of  the  specimen  thickness  were  employed 
to  restrict  crack  growth  to  the  desired  plane.  The  load  was 
measured  by  a bolt-and-tup  arrangement,  with  strain  gauges 
mounted  on  the  side  faces  of  the  tup.  Pre-cracking  involved 
electric  discharge  iitich itiing  of  a voo-slot  atul  then  generation  of 
a fatigue  crack  by  cyclic  loading. 

The  compliance  of  specimens  from  each  heat  was  determined 
as  a function  of  crack  length  in  calibration  experiments.  During 
an  actual  experiment,  the  growth  of  a crack  at  fixed  displacement 
resulted  in  a decrease  in  the  stress  intensity  K.  Both  the  K 
value  and  the  crack  length  (a)  could  be  determined  by  measure- 
ment of  the  load,  in  conjunction  with  the  compliance  calibration 
curve,  through  the  equat ion ^ ^ ^ ^ : 


K = cn 

B(al  ' 

where:  P is  applied  load 

a is  crack  length 
W is  specimen  width 
B is  specimen  thickness 

For  the  present  side-grooved  specimens,  B is  replaced  by  (B  x 
where  B^  is  the  net  specimen  thickness.  The  constant  C3 (a/W)  is 
given  by^*^^  {30.96  (a/Wl-19S.8  (a/W)^  ♦ 7.30.6  (a/W)  ’ - 1186.3 


(a/W)-  + 754.6  (a/W)M. 
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Testing  was  carried  out  in  a stainless  steel  chamber 
evacuated  to  a pressure  of  10  ’ torr  and  then  filled  with 

gaseous  11?  fdried  by  passing  through  a liciuid  nitrogen  cold 

* 

trapl  to  the  desired  pressure  . A mechanical  feed-through 
allowed  loading  of  the  specimen  after  the  hydrogen  environ- 
ment had  been  admitted  to  the  test  chambe  . 

Fracture  Surface  Ana  lysis.  Fracture  surfaces  of  Charpy 
specimens  were  analysed  by  scanning  electron  microscopy  (SFM) 
to  determine  the  mode  of  fracture,  with  particular  emphasis 
on  the  amount  of  intergranular  fracture.  Specimens  given  iden- 
tical heat  treatments  to  the  (’harny  specimens  were  fractured  in 
slO'*”  torr  vacuum  at  '--lOO'^d,  and  the  fracture  surfaces  were 
analysed  by  Auger  electron  sncctroscopy  (AES').  The  percent 
intergranular  fracture  on  the  Auger  specimens  was  later  deter- 
mined by  SF.M. 

Results: 

Fracture  Behavior  in  A i r 

Commercial  4.S40  Steels.  All  four  heats  had  essentially  the 
same  hardness,  both  after  quenching  from  850°C  and  after  temper- 
ing, as  indicated  by  Fig.  1.  The  prior  austenite  grain  size 
(or  austenitizing  temperaturel  had  no  observable  effect  on  these 

^ -*  6 

Preliminary  experiments  employing  a starting  vacuum  of  10  torr 

indicated  no  difference  in  crack  growth  behavior  for  the  H2  pres- 
sures used  (>  1 atm). 


hardness  values;  an  example  is  given  in  F-ig.  2.  As  shown  in 
Fig.  7> , all  four  4340  heats  exhibited  the  OSTF  fracture  energy 
trough,  with  the  minimum  occuring  around  325  to  350°C.  The 
depth  of  the  energy  trough  was  nearly  the  same  in  B1 , B2 , and 
B4 , but  the  air-melted  heat  B3  clearly  had  a deeper  trough 
than  the  others.  The  "aircraft  quality"  B1  steel  had  the  high- 
est toughness  at  all  tempering  temperatures. 

The  effect  of  prior  austenite  grain  size  on  OSTF,  in  steel 
B2  is  shown  in  Fig.  4.  The  following  aspects  should  be  noted: 
First,  toughness  is  reduced  at  all  tempering  temperatures  as 
the  grain  size  increases.  Secondly,  in  the  medium  grain  size 
specimens  the  onset  of  embrittlement  appears  to  occur  at  a 
slightly  lower  temperature,  and  the  minimum  in  the  energy  curve 
is  shifted  to  a somewhat  higher  temperature  than  in  either  the 
fine  or  coarse-grained  specimens.  Thirdly,  the  depth  of  the 
energy  trough  is  greatest  for  the  medium  grain  size  material. 
These  observations  may  reflect  the  combined  effects  of  the 
austenitization  temperature  pev  se  and  the  austenitic  grain 
size,  as  will  be  discussed  later. 

Figure  5 shows  fracture  surfaces  of  coarse  grained  Charpy 
specimens  of  steel  B1  tempered  at  temperatures  below,  in,  and 
above  the  fracture  energy  trough.  Note  that  the  specimen  hav- 
ing the  minimum  fracture  energy  exhibited  mostly  intergranular 
fracture.  (When  the  prior  austenite  grain  size  was  fine  (850°C 
austenitization),  only  isolated  i r .-granular  facets  could  be 
detected  in  Charpy  specimens  having  a minimum  fracture  energy.) 
Figure  6 shows  that  the  fracture  mode  actually  begins  to  change 
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to  intergranular  at  tempering  temperatures  below  200°C,  but 
the  maximum  amount  of  intergranular  fracture  corresponds  to 
the  minimum  in  the  energy  trough. 

Specimens  from  heats  B1  and  B2  were  broken  at  ~-100°C  in 
UHV  and  analysed  by  AES.  The  amounts  of  elements  found  to  be 
in  excess  on  the  (mostly)  intergranular  fractures  were  not 
large.  Figure  7 shows  the  Auger  spectra  for  steels  B1  in  the 
as-received,  as-quenched,  and  as-tempered  conditions.  Figure 
8 gives  similar  spectra  from  steel  B2  and  includes  a spectrum 
obtained  after  ion  sputtering.  The  fracture  of  the  as-received 
specimens  was  completely  transgranular  cleavage:  hence,  these 
Auger  data  should  represent  the  bulk  composition.  The  as- 
quenched  and  as-tempered  samples  exhibited  predominantly  inter- 
granular fracture.  From  a detailed  study  of  these  spectra  the 
following  observations  could  be  made  for  steel  B1  and  B2: 

i)  A small  amount  of  P segregation  was  definitely  de- 
tected for  both  B1  and  B2  in  both  the  as-quenched 
and  tempered  conditions.  Because  of  the  very  small 
peak  heights  and  the  overlapping  Mo  peaks,  it  is  not 
possible  to  be  quantitative  about  the  concentrations. 
However,  the  intergranular  P concentration  does  not 
appear  to  be  any  larger  after  tempering  than  it  was 
after  austenitizing. 

ii)  In  steel  B2  (Fig.  8),  there  was  clear  evidence  of  N 
segregation  to  the  grain  boundaries  in  both  the  as- 
quenched  and  tempered  conditions.  Again,  the  concen- 
tration was  small,  and  it  does  not  appear  to  have  in- 


F 
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creased  during  tempering.  The  N peak  disappeared 
during  ion  sputtering  (lowest  spectrum,  Fig.  8), 
thus  confirming  that  segregation  had  occurred  at 
the  grain  boundaries.  (Note  from  Table  I that  the 
air-melted  steel  B2  has  about  3 times  more  free  N 
than  the  VAR  steel  B1 . 

iii)  In  both  B1  and  B2  there  was  a significant  excess 
carbon  concentration  at  the  grain  boundaries  in 
the  as-quenched  condition  which  remained  unchanged 
by  subsequent  tempering.  During  ion-sputtering  the 
carbon  peak  height  dropped  to  its  bulk  value  (as 
measured  in  the  as-received  condition).  It  is  not 
possible  to  tell  whether  this  carbon  was  segregated 
in  solid  solution  or  was  associated  with  very  fine 
carbides  formed  by  autotempering  during  quenching ^ ^ ^ ^ 
or  by  inadvertent  tempering  during  the  bake-out  pro- 
cess of  the  Auger  vacuum  system:  however,  the  peak 
shape  looks  more  like  elemental  C than  carbide. 

A similar  analysis  on  a coarse  grain  specimen  of  steel  B3 
(air-melted)  tempered  at  350°C  showed  clear  evidence  of  P,  N, 
and  C in  excess  on  an  intergranular  fracture  surface. 


In  order  to  determine  the 


magnitude  of  the  impurity  effects  in  OSTF.,  experiments  were 


carried  out  on  high-purity  laboratory  heats  Bf>  and  B7 . Table  111 
shows  that  the  0.2^  offset  yield  stress  and  the  ultimate  tensile 


strength  of  these  steels  were  essentially  the  same  as  the  com- 


1) 


— 
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mcrcial  4340  steels  (following  a 850°C  quench  and  350°C  temper). 
Ihe  hardness  values  were  also  nearly  identical  to  those  of  the 
commercial  steels,  as  shown  in  I- i g . 9.  However,  the  energy 
trough  indicative  of  DSTP,  was  absent  in  the  NiCrMo  pure  base 
steel  (heat  B7),  as  shown  in  fig.  10.  Here  the  fracture  energy 
increased  gradually  up  to  about  .350°C,  then  very  rapidly  at 
higher  temperatures  as  softening  of  the  steel  continued.  Note 
the  difference  in  energy  scales  in  Figs.  3 and  10  and  the  com- 
parison between  the  pure  heat  H7  and  the  best  of  the  4340  steels, 
B1  . 

Figure  11  shows  the  effect  of  austenitizing  temperature  in 
steel  B7.  Although  the  general  level  of  the  fracture  energy 
curve  was  reduced  as  the  prior  austenite  grain  size  was  increased, 
the  OSTF  energy  trough  was  absent  in  even  the  coarse  grain  condi- 
tion. The  coarse  grain  specimen  fractured  at  350°C  exhibited 
essential  ly  no  intergranular  fracture;  an  example  is  shown  in  Fig. 

12  (compare  with  Fig.  5).  The  absence  of  both  the  OSTF  energy 
trough  and  the  intergranular  mode  of  fracture  arc  attributed 
only  to  the  lack  of  impurities  in  this  pure  steel,  since  the  car- 
bide precipitation  mechanism  or  sequence  should  not  be  altered 
by  the  purity  of  the  steel 

When  the  typical  commercial  levels  of  Mn  and  Si  were  added 
to  the  NiCrMo  pure  base  alloy  to  make  a "pure''  4340  steel  (heat 
B6) , the  Charpy  results  were  similar  to  those  of  the  commercial 
steels.  This  is  illustrated  in  Fig.  13,  which  compares  the 
fracture  energies  of  heats  B6  and  Bl.  The  energy  trough  re- 
appeared with  the  addition  of  Si  and  Mn , although  the  toughness 
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of  lU)  w;is  somewhat  liifthcr  than  for  HI  at  all  temperinR  tempera- 
tures, as  would  he  expected  in  a VIM  steel.  The  fracture  mode 
was  partly  intergranular  and  partly  a mixture  of  cleavage  and 
rupture,  as  shown  in  fig.  14. 

Si  I icon-Mod  i f ied  (.lOOM)  Steel.  Silicon  additions  are  known 
to  retard  the  kinetics  of  tempering  of  4340  steel  by  stabilizing 
r-carbide  and  inhibiting  the  formation  of  cement  i te ^ ^ ^ ^ 

Thus,  a Si -modified  4340-typc  steel  retains  a high  hardness  to 
higher  tempering  temperatures,  as  shown  in  Tig.  1.  The  effect 
of  Si  on  the  Charpy  fracture  energy  is  shown  in  Tig.  1.3.  The 
OSTT  energy  trough  in  the  300M  heat  IRS')  was  spread  out  over  a 
wider  range  of  temperature  {230-4.30°C),  with  the  minimum  at  about 
4.S0”c.  However,  the  depth  of  the  energy  trough  was  about  the 
same  as  in  4340.  When  the  prior  austenite  grain  size  of  the 
300M  steel  was  increased,  the  entire  Charpy  energy  curve  was 
shifted  downward,  as  expected;  the  energy  trough  was  even  more 
spread  out  ( ~2  .SO  - .32  s”c)  , with  the  minimum  at  ~323*^t!.  This  is 
shown  in  Tig.  16,  which  also  indicates  that  no  intergranular 
fracture  occurred  until  a tempering  temperature  of  =373"c. 

Above  that,  the  incidence  of  intergranular  fracture  increased 
sharply,  with  a peak  occurring  at  ~323^C,  corresponding  to  the 
minimum  in  the  energy  curve.  I'igure  17  shows  the  fracture  mode 
for  the  Charpy  specimen  tempered  at  323'’c;  it  was  almost  com- 
pletely intergranular. 

Hydrogen-Ass  i sted  C r .i c k i ng 

Crack  growth  in  bolt-loaded  WOT  specimens  was  monitoreil 


by  recording  the  drop  in  load  on  the  tup  (load  cell).  In  the 
early  experiments  the  analog  (mv)  signal  was  displayed  directly 
on  a strip  chart  recorder,  but  in  most  cases  an  anal og- to-d igi tal 
converter  was  used  and  the  reading  was  recorded  on  punch-tape 
and  teletype.  In  the  early  (rapid)  stages  of  crack  growth , read- 
ings were  taken  every  three  seconds;  the  time  interval  was  in- 
creased as  the  crack  slowed  down.  Load  readings  were  converted 
to  crack  length  a and  stress  intensity  K values  by  computer  via 
an  equation  fitted  to  the  compliance  curve. 

In  general,  crack  lengths  were  found  to  vary  smoothly  with 
time,  in  contrast  with  the  discontinuous,  stepwise  growth  ob- 
served by  Briant  et  al.^^^^  in  a lower  strength  (HY130)  steel, 
hxamples  of  a vs  t curves  are  given  in  Fig.  18a,  which  shows  a 
threshold  determination  in  steel  B2,  and  Fig.  18b,  which  shows 
the  smoothness  of  the  curve  for  a B7  specimen  on  an  expanded 
time  scale.  Crack  growth  rates  were  determined  by  simply  taking 

the  slopes  of  the  (essentially)  1 ienar  segments  of  the  a vs  t 

fl7  181 

curves,  as  shown  in  Fig.  18.  In  this  way,  conventional'-  ’ ^ plots 

ds 

of  log  V (=  log  jp)  vs  K were  obtained  in  the  form  of  segmented  curves, 
as  shown  in  Fig.  19.  In  a number  of  cases,  the  crack  did  not 
come  to  rest  within  the  range  a/W  s 0.8,  which  is  the  limit  of 
validity  of  the  compliance  curve;  hence,  threshold  values  of 
stress  intensity  could  not  always  be  determined. 

In  an  effort  to  determine  the  effect  of  tempering  temper- 
ature in  a commercial  steel,  log  v vs  K curves  were  obtained 
for  fine  grain  specimens  of  heat  B1  tempered  between  200°C  and 
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400°C',  as  shown  in  1-1^.  19.  Contrary  to  expectations  prompted 
by  the  Charpy  data  (e.R.,  lig.  3),  no  significant  differences 
could  be  found  in  these  specimens.  All  had  values  <20  MNm 


- 3. 


% 


and  the  stage  II  values  of  v were  more-or-less  equivalent.  In  all 
cases,  the  fracture  mode  was  entirely  intergranular;  an  example 
is  given  in  Fig.  20.  Thus,  it  is  clear  that  steel  B1  is  highly 
susceptible  to  hydrogen-assisted  cracking  at  low  K levels,  regard- 
less of  the  degree  of  OSTF  present  in  the  steel . 

Specimens  of  steel  R2,  in  which  both  the  prior  austenite 
grain  size  and  the  tempering  temperature  were  varied,  were  tested 
in  a similar  way.  As  shown  in  Fig.  21,  these  specimens  exhibited 
behavior  essentially  similar  to  steel  B1 , and  neither  tempering 
temperature  nor  grain  size  was  found  to  he  a significant  variable 
in  this  commercial  steel.  Again,  all  hydrogen-assisted  fractures 
were  intergranular.  Note  that  in  four  cases  duplicate  specimens 
were  tested;  these  data  indicate  the  variability  that  can  be  ex- 
pected in  the  log  v vs  K behavior  of  supposedly  identical  speci- 
mens . 

Steels  B6  and  B7,  having  been  prepared  in  an  effort  to  sec 
if  impurity  effects  coujld  be  eliminated,  were  similarly  tested 
in  the  fine  grain  condiition,  after  tempering  at  .^50°C.  Fig.  22 
shows  that  the  valiic  in  steel  B7  is  5-to-6  times  higher  than 

in  the  commercial  steefs  B1  and  R2  when  tested  under  the  same 


conditions  at  the  samej  strength  level.  The  B7  specimen  with 
* 120  MNm‘ 

fracture  surface,  the  resj  being  cleavage  and  rupture.  The  other  B7  specimen 


. 3/ 

^ exhil^ited  a few  intergranular  facets  on  the 


had  no  intergranular  fracture,  as  shown  in  Fig.  23.  A test  on  a fine  grain  B7 
specimen  at  30  psig  hydrfgen  (23°C)  gave  a of  -lOO  MNm* , and  the  fracture 
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was  a mixture  of  clcavajje  and  intergranular. 

Some  log  V vs  K data  for  the  B6  steel  are  also  shown  in 

I 

I rig.  22,  and  the  fracture  mode  is  illustrated  in  Fig.  24.  It  | 

is  apnarent  that  the  addition  of  Mn  and  Si  to  the  pure  base  j 

1 

steel  caused  the  reappearance  of  the  low  stress,  intergranular  ! 

t 

fracture.  This  is  consistent  with  the  simultaneous  reappearance  | 

of  OSTE  (cf . Fig.  13)  . I 

I 

The  effect  of  prior  austenite  grain  size  on  the  hydrogen- 

I 

assisted  cracking  behavior  of  steel  B7  was  also  determined.  f 

t 

figure  25  indicates  that  a substantial  reduction  in  K^.j^  occurs  ; 

when  the  grain  size  is  increased.  This  is  in  contrast  with 
the  behavior  of  the  commercial  4340  steel,  described  earlier 

(cf.  Fig.  21).  i 

, i 

Finally,  a test  on  a 300M  steel  (B5)  specimen  indicated  j 

the  same  low  K^j^,  intergranular  fracture  behavior  observed  in  | 

the  other  commercial  steels,  as  shown  in  Fig.  26.  j 

Discussion  , 

I 

One-Step  Temper  Embrittlement.  The  anomolous  fracture  ! 

energy  trough  associated  with  OSTI;  has  been  shown  to  be  an  ! 

impurity  effect.  As  in  the  previous  study  by  Capus  and  Mayer ; 

I 

I this  can  be  demonstrated  in  an  indirect  way  by  the  absence  of 

i 

the  energy  trough  in  a high  purity  MiCrMoC  steel  (B7) . In  the  ' 

present  study,  direct  evidence  by  AliS  of  the  segregation  of  P 
(and  of  N in  an  air  melted  steel)  to  nrior  austenite  grain 
boundaries  has  been  obtained. 
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Tt  appears  that  much,  if  not  all,  of  the  segregation  of  P 
and  N occurred  in  the  y-phasc,  since  the  concentrations  did  not 
increase  as  a result  of  tempering.  It  is  to  be  expected  that 
the  segregation  of  P would  be  severely  limited  in  the  tempera- 
ture range  where  OSTF  is  observed.  This  can  be  seen  from  Figure 
27  which  gives  the  characteristic  diffusion  distances  of  P and 
N in  a 1 h tempering  treatment  at  various  temperatures.  It  can 
he  seen  that  some  N segregation  to  grain  boundaries  could  occur 
in  the  temperature  of  interest;  however,  the  limited  amount  of 
Auger  data  available  indicate  that  this  does  net  occur,  presum- 
ably because  N segregates  to  dislocations,  instead,  in  a tempered 
martensite  microstructure. 

We  have  seen  that  the  addition  of  Mn  and  Si  to  the  high 
purity  steel  caused  the  reappearance  of  OSTF.  Rather  than  an 
effect  of  either  Mn  or  Si  per  se , \.e  suggest  that  this  effect 
is  the  result  of  promotion  of  segregation  of  P in  austenite  by 
Mn , and  perhaps  Si,  even  though  this  steel  contains  only  0.00.^%  P. 

{•in') 

This  suggestion  is  based  on  the  demonstration  of  Kaneko  et  al.^ 
of  the  strong  interaction  of  Mn  and  Si  with  P in  the  austenite 
phase,  as  shown  in  Figure  28.  It  is  also  supported  by  recent 
results  obtained  by  Clayton^‘^^\  who  found  an  enhancement  of  P 
segregation  in  austenite  in  a NiCr  steel  when  the  Mn  concentra- 
tion was  increased. 

If  the  P or  N concentration  in  prior  austenite  grain  bound- 
aries does  not  increase  during  a tempering  treatment,  then  the 
susceptibility  to  OSTF  from  P or  N is  inherited  from  the  austen- 
itization treatment.  The  rejection  of  these  impurities  by  car- 
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bides  formed  in  grain  boundaries  during  tempering  would  not  be 
the  operative  embrittlement  mechanism,  as  suggested  earlier^^’^^ 

However,  since  tlic  onset  of  tiie  embrittlement  phenomenon  is  co- 
incident with  the  precipitation  of  cementite,  one  must  ask  what 
is  the  role  of  the  carbides.  We  suggest  that  it  is  as  follows:  | 

Brittle  fracture  in  the  temperature  region  of  the  Charpy  energy 
trough  is  initiated  by  intergranular  cracks  at  the  tip  of  blocked 
slip  bands,  i.e.,  dislocation  pile-uns.  Grain  boundary  carbide 
platelets  behave  elastically  in  this  temperature  range  and  would 
therefore  act  as  effective  barriers  to  dislocations.  Without 
such  platelets,  dislocation  pile-ups  may  be  relieved  by  slip  in 
neighboring  grains. 

Hydrogen -Ass  i s t ed  Cracking.  r.xperiments  on  4540  and  500M 
steels  have  shown  that  these  commercial  steels  are  highly  sus- 
ceptible to  intergranular  hydrogen-assisted  cracking  at  low 
(less  than  50  MN/m^l . The  susceptibility  is  not  affected  signi- 
ficantly by  the  degree  of  OSTT  present  or  by  the  austenite  grain 
size.  However,  this  effect  is  absent  in  the  high  purity  NiCrMoC 
steel;  here,  the  hydrogen- induced  fracture  mode  is  transgranul ar 
(cleavage  and  rupture),  and  is  raisetl  by  at  least  a factor 

of  five.  Hence,  we  conclude  that  this  high  transgranular 

fracture  behavior  represents  the  intrinsic  effect  of  hydrogen 
in  such  a steel;  the  low  K^p,,  intergranular  fracture  is  shown 
to  be  an  impurity  effect.  As  observed  in  the  OSTH  phenomenon, 
the  addition  of  Mn  and  Si  causei!  a return  of  the  "hydrogen  em- 
brittlement", presumably  because  of  their  effect  on  the  segre- 
gation of  residual  P in  this  steel. 
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It  appears  that  for  the  development  of  commercial  steels  with 
hiyh  resistance  to  OSTP.  and  hydrogen  induced  cracking  one  must  eliminate 
intergranular  segregation  of  P,  and  perhaps  other  impurities, 
during  austenitization.  To  do  this  several  steps  may  be  tried: 

1.  Reduce  the  concentration  of  alloying  elements  that  promote 
P segregation  in  austenite,  such  as  Cr,  Mn  and  Si. 

2.  Use  elements  wliich  scavenge  I',  such  as  Mo  and  Ti,  and  an 
element  which  scavenges  N,  such  as  Al. 

3.  Increase  the  Ni  concentration  to  promote  toughness;  this  may  be 

f 19 1 

permissible  since  Ni  interacts  weakly  with  P 

In  view  of  the  very  small  concentrations  of  P detected  in 
the  prior  austenite  grain  boundaries  of  the  present  steels,  one 
might  wonder  why  such  a large  effect  is  observed.  The  answer 
lies  in  the  very  large  amplification  of  impurity  effects  which 
can  he  exerted  by  the  high  hardness  (or  yield  strength)  level 
in  these  ultra-high  strength  steels.  This  can  be  demonstrated 
by  extrapolation  of  the  data  of  Mulford  et  al..^  as  shown  in 
Figure  29.  Here  it  can  be  seen  that  low  P concentrations  which 
would  be  virtually  innocuous  at  low  hardness  levels  could  be 
quite  damaging  as  tbe  hardness  level  is  increased.  This  can 
be  understood  in  terms  of  the  effect  of  yield  stress  on  the 
local  stress  concentration  at  the  tip  of  a dislocation  pile-up. 

As  discussed  in  detail  elsewhere^^*"  , the  nucleation  of  a brittle 
crack  requires  that  the  sum  of  the  continuum  stress  concentration 
and  the  dislocation  stress  concentration  equal  the  local  cohesive 
strength  of  the  steel.  This  can  be  expressed  as: 
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a function  of  the  local  hyclro}>cn  and  impurity  concentration;  n 
is  a factor  in  the  range  one- to- three , found  by  methods  of  con- 


tinuum mechanics;  is  the  tensile  yield  stress;  is  the  dislocation  friction 
stress,  and  I,  is  the  length  of  a dislocation  pile-up.  It  can  be  seen  that 
the  concentrateil  stress  increases  with  (yield  strength)'.  Thus,  the  required 
.imount  of  reduction  in  I*"*  liydrogen  or  iminirities  for 

brittle  crack  nucleation  must  decrease  as  the  yield  strength 
increases . 

We  have  seen  that  even  in  the  high  purity  steel  (B7),  some 
variability  exists  in  the  resistance  to  hydrogen - i nduced  cracking. 
One  specimen  exhibited  a small  amount  of  intergranular  fracture 
and  a about  20  MNm  ''  less  than  the  other,  even  though  this 
steel  contained  onlv  about  0.00.3°  P.  This  behavior  is  presumably 
the  result  of  an  inhomogeneous  distribution  of  that  small  amount 
of  P in  this  steel. 

T.f feet  of  Austenitizing  rem)3er;ituie.  An  increase  in  .uistenit i^ing  tem|3er- 
ature  produces  not  only  an  increase  in  the  austenite  grain  size,  hut  also  a 
small  decrease  in  the  amount  of  segregated  P,  as  shown  by  the  work  of  Ogura 
et  on  a NiCr  steel.  The  general  lowering  of  the  Charpy 

fracture  energy  curve  with  increasing  austenitizing  temperature 
is  presumably  the  result  of  the  increase  in  prior  austenite  grain 
size.  The  exaggerated  depth  of  the  fracture  energy  trough  oh- 
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served  for  the  intermediate  austen  i t i z i nj:  temperature  in  steel 
B2  (I'iRure  4)  may  simply  be  the  result  of  the  worst  combination 
of  simultaneously  increasing  the  grain  size  and  decreasing  the 
concentration  of  segregated  P . 

In  a fine  grained  steel  the  onset  of  OSTP.  is  thought  to 
coincide  with  the  formation  of  isolated  intergranular  micro- 
cracks which  act  as  nuclei  for  cleavage  cracks.  Thus,  the 
onset  of  easy  crack  nucleation  is  responsible  for  the  reduc- 
tion in  ('harpy  fracture  energy.  In  coarse  grained  Charpy 
specimens,  the  intergranular  microcracks  arc  larger  and  more 
readily  connected.  Therefore,  not  only  is  an  energy  trough 
produced,  but  the  whole  energy  curve  is  shifted  downward.  In 
the  high  purity  steel  (B71,  also,  the  fracture  energy  curve  is 
shifted  downward  as  the  grain  size  is  increased.  However,  here 
intergranular  fracture  is  not  an  issue;  the  increase  in  tough- 
ness with  decreasing  grain  size  is  presumably  due  to  micro- 
s t rue  t u i;i  1 refinement  (e.g.,  of  martiMisite  lath  colonies). 

In  commercial  steels,  the  austenite  grain  size  has  no  appar- 
ent effect  on  the  value,  but  grain  size  exerts  a large  effect 

in  the  high  purity  steel.  Presumably,  the  commercial  steel  has 
so  much  segregated  P that  even  grain  refinement  can  not  improve 
it.  However,  as  steels  with  less  P segregation  arc  developed, 
austenite  grain  refinement  shoulil  become  an  important  means  of 
providing  increased  resistance  to  hydrogen -ass i s ted  cracking. 

The  present  results  indicate  that  the  use  of  high  tempera- 
ture austenitizing  treatments  should  be  explicitly  discouraged. 
Although  high  temperature  austenitizing  can  lead  tc;  an  increase 
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in  sharp-crack  Iracturc  toughness  , this  is  apparently 

an  artifact  of  the  sharp-crack  test  which  is  observed  when 

the  plastic  zone  size  at  the  crack  tip  is  less  than  the  prior 

12  5) 

austenite  gram  size  . This  anomoly  is  absent  in  a blunt 

notch  test  with  its  larger  plastic  zone  size. 

Conclusions 

1.  The  trough  in  Charpy  fracture  energy  and  concomitant 
intergranular  fracture,  indicative  of  OSTE,  which  occurs 
in  commercial  4540-type  steels  is  shown  to  be  absent  in  a 
high  purity  NiCrMoC  steel  of  the  same  microstructure  and 
strength.  This  indicates  indirectly  that  OSTE  is  an  impur- 
ity effect. 

2.  This  conclusion  has  been  confirmed  directly  by  AES  studies 
of  prior  austenite  grain  boundaries  of  commercial  steels 
fractured  in  UlIV  in  which  P was  found  to  be  segregated  to 
prior  austenite  grain  boundaries  in  a vacuum-arc-remelted 
steel;  both  !’  and  N were  I'oupu  segregated  in  air  melted  steels. 

3.  In  appears  that  the  intergranular  P and  N concentrations 
do  not  increase  during  tempering,  indicating  that  the 
segregation  is  inherited  from  the  austenitizing  treatment. 

4.  An  addition  of  Mn  and  Si  to  the  high  purity  steel  caused  a 
return  of  OSTE;  this  is  interpreted  as  being  due  to  the 
promotion  of  P segregation  in  austenite  hy  Mn , and  perhaps 
Si.  This  interpretation  is  shown  to  be  consistent  with 
related  observations  in  other  laboratories. 

5.  Stable  crack  growth  in  a gaseous  hydrogen  atmosphere 


occurs  much  more  smoothly  and  continuously  in  4340-type 
steels  at  ultra-high  strength  levels  than  in  a lower 
strength  (HY130')  steel. 

All  of  the  commercial  steels  examined  were  quite  suscep- 
tible to  low  intergranular  cracking  in  hydrogen,  regard- 

less of  heat  treatment  or  prior  austenite  grain  size. 

The  high  purity  NiCrMoC  steel  had  a level  higher  by 

a factor  of  five-to-six  than  the  commercial  steels,  and 
the  mode  of  cracking  was  transgranul ar  (rupture  and 
cleavage)  at  the  highest  level. 

The  of  this  high  purity  steel  was  reduced  by  an  increase 

in  the  prior  austenite  grain  size,  in  contrast  with  the  be- 
havior in  commercial  steels. 

The  addition  of  Mn  and  Si  to  this  high  purity  steel,  which 
caused  the  return  of  OSTli , also  caused  the  low  intergran- 

ular cracking  to  reappear. 

These  results  indicated  that  the  resistance  to  hydrogen  embrit- 
tlement in  ultra-high  strength  4340-type  steel  can  be  greatly 
improved  if  impurity  effects  are  brought  under  control. 
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Table  I:  Chemical  Comoositions  ''wt . 


Table  II:  Austenitizing  Temperatures  and  Grain  Sizes 


Temperature  (°C) 

8 50 
1000 
1160 


ASTM  No. 


8-10 

6-7 

3-5 


Table  III: 


0 . 2 " 


01  Tset  Y i c Ul  Stress  and  Ultimate  Tensile 


Strength  of  Steels  Bl,  B6 , and  B7  Austenitized 
at  tempered  1 h at  350°C. 


Yield  Stress,  0.2"  Offset  Tensile  Strength 


Steel 

( 1 0 ’ p s i ) 

IL'L’pjijJ 

(MPa) 

Bl 

( fomme  r c i a 1 4 S 4 Oi 

201 

l.SBb 

240 

1655 

B6 

(11  i gh  - Pur  i ty  4S401 

1 Ob 

1 3 S 1 

231 

1 59  3 

B7 

(High-Purity  NiCrMo) 

206 

1420 

226 

1 558 
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I- i ^11  re  (!.)r)tions  j 

1.  Variation  of  hardness  with  tempering  temperature  in  various  ^ 

4340  steels  and  a 30nM  steel. 

2.  Variation  of  hardness  with  tempering  temperature  in  steel  i 

[ 

Bl(4340')  with  two  different  austenitizing  temperatures.  I 

3.  Variation  of  (lharpy  V-notch  fracture  energy  with  tempering  ( 

temperature  for  four  heats  of  4340  steel.  Room  temperature 

1 

tests.  f 

4.  F.ffect  of  austenitizing  temperature  on  the  room  temperature 
Charpy  V-notch  fracture  energy  as  a function  of  temnering 

J 

temnerature  in  steel  B2.  ! 

5.  I'racture  surfaces  of  Charpy  specimens  of  steel  B1  austeni- 
tized at  llhO'^C  and  tempered  at  fa)  230‘^C,  (b)  400°C,  and 

(c)  .S00°C.  ; 

6.  Correlation  of  the  incidence  of  intergranular  fracture  with  | 

the  fracture  energy  trough  in  steel  Bl. 

7.  Auger  spectra  from  fracture  surfaces  of  steel  BI  fiactured 
in  UIIV  in  the  as-received,  a s -(pienched , and  as-tempered 
conditions.  The  P and  C peaks  are  circled  in  each  case. 

B.  Auger  spectra  from  fracture  surfaces  of  steel  B2  fractured 
in  UIIV  in  the  as  - rece  i veil  , as -puenched  , as-tempered,  and 
ion  sputtered  conditions.  The  P , C and  N peaks  are  circled. 

9.  Variation  of  hardness  with  temnering  temperature  in  steels 
R6  and  R7  compared  with  steel  Bl. 

10.  Room  temperature  Charpy  fracture  energy  as  a function  of 

tempering  temnerature  for  steel  B7  comnared  with  steel  Bl. 


J 


11.  r.ffcct  of  austenitization  temperature  on  the  room  tempera- 


I 

I 

ture  Charpy  fracture  energy  of  the  "pure"  steel  B7.  t 

12.  fracture  surface  of  (iharpy  specimen  of  steel  B7  austenitized  i 

o o 

at  IISO  C and  tempereil  at  .^,S()  (1,  showini;  no  intergranular 
f racture . 

1.^.  Variation  of  Charpy  fracture  energy  as  a function  of  temper-  1 

ing  temperature  for  steel  Bh  compared  with  steel  B1  , showing 

that  addition  of  Mn  and  Si  to  the  pure  heat  (B7)  re-introduces  I 

1 

the  fracture  energy  trough.  1 

I 

14.  fracture  surface  of  Charpy  specimen  steel  Bh  austenitized  [ 

at  1150°C,  tempered  at  .^50°C;  compare  with  fig.  12. 
l.S.  Variation  of  Charpy  fracture  energy  with  tempering  temperature  i 

for  steel  B.S  compared  with  steel  B1  , showing  that  a Si  addi-  ^ 

t ion  causes  the  fracture  energy  trough  to  occur  at  higher  i 

temperatures  and  over  a larger  temperature  range. 
lt>.  Correlation  of  incidence  of  intergranular  fracture  witli 

( 

the  fracture  energy  trough  in  steel  B-S.  | 

17.  fracture  surface  of  Charpy  specimen  of  steel  B.S  austenitized  ! 

at  llbO°C,  tempered  at  S2S^C.  : 

18.  lixamples  of  variation  in  crack  length  as  a function  of 
time  in  steels  tested  as  WOI.  specimens  in  hydrogen  at 
2.‘S°C,  1 psig.  (a)  shows  curve  for  steel  B2  on  an  extended 
time  scale  for  a specimen  in  which  a crack  arrest  was 
achieved.  (b)  shows  a curve  for  steel  B7  on  an  expanded 
time  scale  in  which  the  early  stages  of  crack  growth  can 
be  seen. 


19. 


2n. 


21  . 


9 7 


23. 


24  . 

25. 


26. 


27. 


28. 

29. 


Crack  jjrowth  rate  as  a function  of  stress  intensity  in  steel 
B1  tempered  at  various  temperatures. 

Ilydroj^en  - i nduced  fracture  surface  in  WCII,  sT)ecimen  of  steel  B1 
austenitized  at  850*^C,  tempered  at  25n*^\\ 

Crack  growth  rate  as  a function  of  stress  intensity  in  WOL 
specimens  of  steel  B2  austenitized  at  various  temperatures 
and  tempered  between  200  and  350°C,  as  indicated. 

Crack  growtli  rate  as  a function  of  stress  intensity  in  steels 
B7  and  B6  comnared  with  that  in  steel  B2.  Duplicate  specimens 
of  all  three  steels  were  tested. 

I'racture  surface  of  WOL  specimen  of  steel  B7  fractured  in 
hydrogen,  showing  fracture  mode  to  he  rupture  and  cleavage. 
I'racture  surface  of  WOL  snecimen  of  steel  B6  fractured  in 
hydrogen  showing  intergranular  fracture  mode. 

Crack  growth  rate  as  a function  of  stress  intensity  in  WOL 
specimens  of  steel  B7  having  three  different  prio  austenite 
grain  sizes. 

Crack  growth  rate  as  a function  of  stress  intensity  for 
steel  B5  (300M1  compared  with  two  specimens  of  steel  B2 
(4349)  . 

Characteristic  tliffusion  distance  for  a 1 h exposure  at  var 
ious  temperatures  for  I’  and  .\'  in  « le. 

Lffect  of  alloying  elements  on  the  solubility  of  P in  y-Pc 
containing  12o  Ni  at  19no'’c,  from  Kaneko  et  al.  Ref.  19. 
effect  of  hardness  on  due t i 1 e -h r i t t 1 e transition  in  a NiCr 
steel  doped  with  P from  Mulford  et  al.,  Ref.  21,  showing 


I 


that  extrapolation  to  high  hardness  levels  would  result  in 
a large  embrittling  effect  for  a small  amount  of  impurity. 
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